Abstract. The natural polyphenolic compound, resveratrol, has been shown to exhibit anti-osteoarthritic activity. Therefore it is hypothesized that resveratrol may serve as a nutritional supplement to counteract osteoarthritis (OA). However, the mechanisms responsible for these anti-osteoarthritic effects have not yet been fully elucidated. The aim of this study was to determine whether the biological effects of resveratrol against interleukin (IL)-1β-induced inflammation in human articular chondrocytes involved both Toll-like receptor 4 (TLR4)/myeloid differentiation factor 88 (MyD88)-dependent and -independent signaling pathways. Human articular chondrocytes derived from patients with OA were stimulated with IL-1β, and then co-treated with resveratrol. Cell viability was subsequently evaluated by MTS assays, and the concentrations of matrix metalloproteinase (MMP)-13 and the pro-inflammatory factor, IL-6, were detected in culture supernatants using ELISA. The mRNA and protein levels of downstream mediators of TLR4/ MyD88-dependent and -independent signaling pathways were also assayed by RT-qPCR and western blot analysis, respectively. Our results revealed that resveratrol prevented the IL-1β-induced reduction in cell viability. Furthermore, stimulation of the chondrocytes with IL-1β resulted in a significant upregulation of TLR4 and downstream targets of both TLR4/MyD88-dependent and -independent signaling pathways that are associated with the synthesis of MMP-13 and IL-6. Correspondingly, IL-1β-induced catabolic and inflammatory responses were effectively reversed by resveratrol. Taken together, these data suggest that resveratrol exerted protective effects against matrix degradation and inflammation in OA-affected chondrocytes by inhibiting both TLR4/MyD88-dependent and -independent signaling pathways. Thus, resveratrol represents a potential treatment for OA and warrants further investigation.
Introduction
Osteoarthritis (OA) is a common chronic disease that is characterized by articular cartilage degeneration and secondary bone hyperplasia (1) . Correspondingly, OA is a major cause of joint pain and disability in the aging population. At the onset of OA, articular cartilage is affected. The integrity of joint structures, including subchondral bone, synovium, menisci, ligaments, periarticular muscles and nerves is then affected (2, 3) . Eventually, the complete loss of articular cartilage can lead to joint deformity and disability (2) . Normal articular cartilage is a closed tissue without vascularity, thereby preventing surveillance by the body's immune system. However, in OA, the innate immune system is activated and this plays a role in the induction of inflammatory mediators and specific cellular infiltration (4) . The Toll-like receptors (TLRs), a type of pattern recognition receptor, and their signaling pathways are particularly relevant in this process (5, 6) . TLR4 is the main TLR expressed by chondrocytes (7), and it not only plays important roles in activating immune responses, but is also involved in the pathogenesis of inflammatory diseases. It has been reported that TLR4 is more highly expressed in chondrocytes from patients with OA than in chrondrocytes from OA-free subjects (8) . Accordingly, the inhibition of TLR4 has been shown to reduce the upregulation of interleukin (IL)-1β and to interfere with the progression of OA (9) . Moreover, in a study on rheumatoid arthritis, the inhibition of TLR4 signaling was shown to attenuate articular damage by blocking the identification of endogenous TLR ligands (10) . By contrast, TLR4 activation can also potentially lead to a significant increase in the release of proteoglycan and type II collagen degradation products (11) . As previously demonstrated, in human OA-affected chondrocytes, a TLR-dependent catabolic effect is elicited by alarmins (S100A8 and S100A9) (8) , thereby suggesting that an anti-anabolic effect is mediated by TLR4 in articular chondrocytes and this may suppress cartilage repair in OA (11) . Taken together, these results indicate that the modulation of TLR4-mediated signaling may provide a potential therapeutic option for the treatment of OA. Currently, the clinical management of OA is aimed at reducing joint pain and inflammation, since there is no treatment available to successfully restore cartilage (12) . Therefore, recent research efforts have focused on the development of novel biological therapies to attenuate and/or reverse cartilage degradation at the molecular level (13) . Resveratrol (trans-3,5,4'-trihydroxystilbene) is a natural polyphenolic compound that is present in grapes, berries and peanuts (14) and has been shown to exert protective effects against OA by mediating anti-apoptotic, anti-inflammatory and anti-oxidative functions in chondrocytes and animal models (13, (15) (16) (17) (18) (19) . It has also been reported that resveratrol modulates several pathways, including the nuclear factor-κB (NF-κB) (15, 20) , mitogen-activated protein kinase (MAPK) (21) , extracellular signal-regulated kinase (ERK), p38 and AKT (22) signaling pathways. Among these, the role of the NF-κB signaling pathway is of particular interest. The activation of TLR4 has been shown to induce NF-κB-dependent apoptosis and the expression of proinflammatory cytokines (23, 24) . However, the mechanisms through which TLR4/NF-κB signaling contributes to the pathogenesis of OA are not yet fully understood. The classic TLR4 signaling pathway involves both myeloid differentiation factor 88 (MyD88)-dependent and -independent pathways that mediate signaling via TIR domain-containing adaptor-inducing interferon-β (TRIF) (25) . Previously, we demonstrated that resveratrol prevents IL-1β-induced inflammation in human articular chondrocytes, in part by inhibiting the TLR4/MyD88/NF-κB signaling pathway (26) . By contrast, several other studies have reported that resveratrol specifically targets the TRIF complex of the TLR4 signaling pathway in some cell types (27, 28) .
Resveratrol inhibits the IL
Therefore, the aim of the present study was to determine whether the biological effects of resveratrol on IL-1β-induced human articular chondrocytes involves both TLR4/MyD88-dependent and -independent signaling pathways. Isolation and culture of chondrocytes. This study was approved by the Ethics Committee at the Shengjing Hospital China Medical University (Shenyang, China) and informed consent was obtained from all participants. Chondrocyte isolation and culture were performed as previously described (26) . Briefly, knee articular cartilage was obtained from 16 patients with OA (aged 50-70 years) that were undergoing joint replacement surgery. Cartilage slices were digested with 0.25% trypsin for 1 h and then with 0.04% collagenase type II in a 37˚C water bath overnight. Cells were seeded in 25 cm 2 flasks (1-2x10 5 cells/ml) containing DMEM/Ham's F-12 medium supplemented with 10% FCS, penicillin (100 U/ml) and streptomycin (100 U/ml), and the cells were grown at 37˚C with 5% CO 2 . Third passage chondrocytes were used in the experiments.
Materials and methods

Reagents
Identification of cell phenotype. The chondrocytes were seeded on glass coverslips and fixed with 4% paraformaldehyde for 20 min. The cells were then incubated with 3% H 2 O 2 for 10 min to inhibit endogenous peroxidase activity, and were subsequently blocked with goat serum for 15 min at room temperature followed by incubation with type II collagen antibody (cat. no. A00517; Wuhan Boster Biotechnology, Ltd.) (1:100) overnight at 4˚C. The following day, the coverslips were washed and incubated with the appropriate biotin-conjugated anti-rabbit secondary antibodies (cat. no. BM2004; Wuhan Boster Biotechnology, Ltd.) for 15 min at room temperature, then were incubated with streptavidin-biotin complex (SABC, SA1021; Wuhan Boster Biotechnology, Ltd.) for an additional 15 min. The cells were stained with 3,3'-diaminobenzidine (DAB; ZSGB-Bio, Beijing, China) for 10 min at room ® Aqueous One Solution reagent was pipetted into each well of the 96-well assay plates containing the samples in 100 µl of culture medium. The plates were then incubated at 37˚C in a humidified, 5% CO 2 atmosphere. After 4 h, the absorbance values at 490 nm were recorded using a microplate reader (Multiskan MK3; Thermo Fisher Scientific, Inc.) and the data were expressed as the means ± standard deviation (SD) of 3 independent experiments.
Treatment of chondrocytes.
Chondrocytes grown in a monolayer were incubated with serum-starved medium (0.5% FCS). After 1 h, the chondrocytes were stimulated with 10 ng/ml IL-1β for 1 h before various concentrations of resveratrol (0, 6.25, 12.5, 25, 50, 100, and 200 µM) were added to the cells followed by incubation for 24 h.
Reverse transcription-quantitative PCR (RT-qPCR).
Total RNA was extracted using RNAiso Plus reagent, according to the manufacturer's instructions. The expression levels of TLR4, MyD88, IRAK4, TRIF and TRAF6 were quantitatively measured using a 7500 real-time PCR detection system (Applied Biosystems, Carlsbad, CA, USA). Each PCR reaction mixture (total volume, 20 µl) included 10 µl of 2X SYBRGreen Master mix (Takara Biotechnology Co., Ltd.), 0.8 µl of forward and reverse primers (10 µmol/µl; Table I), 0.4 µl of Rox Reference Dye II (50X; Takara Biotechnology Co., Ltd.) and 2 µl of cDNA. The PCR protocol included 40 cycles with denaturation at 95˚C for 5 sec and an annealing and extension temperature of 60˚C for 34 sec. The detection of endogenous β-actin was used as a control. Data were analyzed using the 2 -ΔΔCT method, as previously described (29) .
Western blot analysis. Following isolation of the proteins from the cells using RIPA buffer containing PMSF (Dingguo Changsheng Biotechnology, Beijing, China), cell lysates were centrifuged (12,000 x g, 15 min, 4˚C) and the supernatants were collected. The concentrations of total proteins were determined using a BCA kit. Protein samples were boiled for 5 min in 1X SDS sample buffer [50 mM Tris-HCl (pH 6.8), 20% glycerol, 2% SDS, 0.02% bromophenol blue] containing 2% 2-mercaptoethanol. Extracted proteins were subjected to SDS-PAGE and were then transferred to polyvinylidene difluoride membranes for 3 h at 4˚C. The membranes were incubated with anti-TLR4, anti-MyD88, and anti-TRAF6 antibodies (1:300), or with antip-IRAK4 and anti-TRIF antibodies (1:1,000), overnight at 4˚C. After the membranes were washed, they were incubated with the appropriate HRP-conjugated secondary antibodies (1:5,000) for 45 min at room temperature. Enhanced chemiluminescence reagents were used to visualize antibody binding which was subsequently quantified using Scion Image 4.0 software (http:// www.bbioo.com/download/58-196-1.html).
ELISA. The concentrations of MMP-13 and IL-6 were detected in the culture supernatants using commercially available ELISA kits (Wuhan Boster Biotechnology, Ltd.), according to the manufacturer's instructions. Data are expressed as the means ± SD and are representative of 3 independent experiments.
Statistical analysis. All data are expressed as the means ± SD and were analyzed using one-way analysis of variance (ANOVA) with SPSS 13.0 software (SPSS, Inc., Chicago, IL, USA). A p-value <0.05 was considere to indicate a statiscially significant difference.
Results
Identification of chondrocyte phenotype. Typically, chondrocytes produce large amounts of type II collagen, which compose the extracellular matrix (ECM) along with proteoglycans. Therefore, immunocytochemical methods and toluidine blue staining were used to detect the expression of type II collagen and proteoglycans, respectively, in the third passage chondrocytes that were obtained from the knee articular cartilage of patietns with OA. All the cultured cells exhibited positive staining for type II collagen and proteoglycans, thereby demonstrating that chondrocytes were successfully isolated from the knee articular cartilage samples (Fig. 1) .
IL-1β decreases cell viability, while resveratrol counteracts these effects of IL-1β in the isolated human articular chondrocytes.
As shown by MTS assays that were performed to monitor cell viability, treatment with resveratrol was found to increase chondrocyte cell viability at concentrations of 6.25 and 12.5 µM after 24, 48 and 72 h. By contrast, exposure to IL-1β (10 ng/ml) inhibited chondrocyte cell viability. However, resveratrol at concentrations ranging from 6.25 to 50 µM resulted in a major increase in cell viability, which was suppressed by exposure to IL-1β (Fig. 2) .
Resveratrol inhibits the IL-1β-induced production of MMP-13
and IL-6. To determine whether resveratrol exerts anti-catabolic and anti-inflammatory effects on IL-1β-stimulated chondrocytes, the expression levels of MMP-13 and IL-6 were detected in chondrocyte culture supernatants. As shown in Fig. 3 , the levels of MMP-13 and IL-6 were significantly upregulated in the presence of IL-1β (10 ng/ml). By contrast, treatment with resveratrol (6.25-200 µM) effectively antagonized these catabolic and inflammatory effects in a dose-dependent manner.
Resveratrol suppresses downstream targets of both TLR4/MyD88-dependent and -independent signaling pathways activated by IL-1β in human articular chondrocytes.
To determine whether TLR4/MyD88-dependent and -independent signaling pathways are activated in the presence of IL-1β, and to determine whether resveratrol can inhibit their activation, chondrocytes were incubated with IL-1β (10 ng/ml) for 1 h, were then incubated with or without various concentrations of resveratrol (6.25-200 µM) for 24 h. The results of RT-qPCR and western blot analysis were subsequently performed to detect the mRNA and protein levels of various downstream targets of the TLR4 signaling pathway. Exposure to IL-1β induced a marked increase in the mRNA and protein expression levels of the TLR4/MyD88-dependent pathway targets, MyD88, p-IRAK4 and TRAF6, as well as in those of the MyD88-independent pathway target, TRIF. By contrast, resveratrol had an opposite effect, decreasing the levels of these targets (Fig. 4) , thereby suggesting that resveratrol exerts an anti-osteoarthritic effect that involves both TLR4/MyD88-dependent and -independent signaling pathways.
Discussion
In normal human joints, articular chondrocytes maintain a dynamic equilibrium between the synthesis and degradation Resveratrol inhibits multiple downstream targets of Toll-like receptor 4 (TLR4)/myeloid differentiation factor 88 (MyD88)-dependent and -independent signaling pathways that were activated by interleukin (IL)-1β. Serum-starved (0.5% FCS) human articular chondrocytes were incubated with 10 ng/ ml IL-1β for 1 h and were subsequently co-treated with various concentrations of resveratrol (0, 6.25, 12.5, 25, 50, 100, and 200 µM) and 10 ng/ml IL-1β. After 24 h, total RNA was collected to perform RT-qPCR and cell lysates were collected for western blot analysis and densitometric analysis. Detection of β-actin was used as a control. The results represent duplicates of 3 independent experiments that were performed. The levels of (A) mRNA and (B) protein are shown, respectively, for the following targets: TLR4, MyD88, phospho-IL-1 receptor-associated kinase 4 (p-IRAK4), TIR domain-containing adaptor-inducing interferon-β (TRIF), and TRAF6. * p<0.05 and # p<0.05, significant difference vs. control and IL-1β, respectively.
of ECM components (e.g., type II collagen and proteoglycans). However, in OA, perturbations in the normal metabolic properties of chondrocytes result in the destruction of the ECM due to the release of enzymes, such as MMPs (e.g., MMP-1, -3 and -13) and aggrecanases (13) . Correspondingly, the overproduction of matrix-degrading enzymes by chondrocytes has been shown to play a central role in matrix degeneration in arthritic cartilage (30, 31) . Moreover, catabolic mediators, such as IL-1β and IL-6 have been shown to upregulate these enzymes in cartilage (32, 33) . In the present study, IL-1β significantly increased the concentrations of MMP-13 and IL-6 that were present in the supernatants assayed, indicating that the equilibrium between the synthesis and degradation of the ECM had been disturbed. Furthermore, the induction of excessive levels of IL-6 by IL-1β can further degrade cartilage in part by inducing the expression of MMP-13 (34) . By contrast, resveratrol was found to reduce the production of MMP-13 and IL-6 in a dosedependent manner, thereby implying that resveratrol can prevent IL-1β-induced chondrocyte damage by reducing the production of MMP-13 and IL-6. Resveratrol has previously been shown to antagonize the catabolic factor-mediated upregulation of multiple matrix degrading enzymes, thereby providing evidence that resveratrol has the capacity to slow the catabolic processes that are involved in cartilage degeneration (13) . Thus, the findings of the present study suggest that resveratrol counteracts potent inflammatory catabolic factors in chondrocytes, and this confers chondroprotection in OA.
Resveratrol is an anti-inflammatory dietary phytochemical that antagonizes the catabolic effects of TNF-α and IL-1β by inhibiting the NF-κB pathway in a variety of tissues (35, 36) . In our previous study, resveratrol was found to exert a protective effect against the IL-1β-induced inflammatory response in human OA-affected chondrocytes, and this was partly mediated by the TLR4/MyD88/NF-κB signaling pathway (26) . The results of a recent study also suggested that MyD88-dependent TLR2/TLR4 signaling may drive the catabolic response of chondrocytes (37) . In the present study, both the mRNA and protein levels of TLR4 were increased in chondrocytes stimulated with IL-1β, while treatment with resveratrol (12.5-200 µM) decreased TLR4 expression. These results are consistent with those of our previous study, and in combination, these results suggest that the TLR4/MyD88 pathway is involved in the pathogenesis of OA. Sebai et al demonstrated that resveratrol may mediate antioxidant properties in either a MyD88-dependent manner that does not involve IRAK1, yet possibly involves IRAK2 or IRAK4, or in a TRIF pathway-dependent manner (27) . In the present study, we examined whether IRAK4 contributes to the upregulation of TLR4/MyD88 signaling by IL-1β and the downregulation of this signaling pathway by resveratrol. Our results indicated that IL-1β upregulated p-IRAK4 protein expression, while resveratrol reversed this effect. The present data also confirm the involvement of the MyD88-dependent signaling pathway in the anti-catabolic and anti-inflammatory effects of resveratrol on IL-1β-induced OA.
Another interesting finding was that the MyD88-independent pathway (also known as the TRIF signaling pathway) is involved in mediating the protective effects of resveratrol on IL-1β-induced human articular chondrocytes. Initially it appeared that MyD88 was required for the signal transduction events engaged by TLR activation. Certain TLR agonists, such as lipopolysaccharide (LPS), have been reported to generate signals dependent on TRIF (38) in the absence of MyD88 (39) . The present results demonstrated that TRIF expression was significantly upregulated following exposure to IL-1β, whereas the addition of resveratrol reduced TRIF expression. Taken together, these results indicate that MyD88-independent signaling is initiated during OA, and resveratrol exerts protective effects on OA by inhibiting this pathway.
TRAF6 is a component of the MyD88-dependent path way that activates NF-κB and controls the expression of genes, such as TNFα and IL-6 (40, 41) . Crosstalk between TRIF and TRAF6 has also been reported in LPS-induced signaling (39) . It has been demonstrated that resveratrol suppresses LPS-induced TRAF6 expression and ubiquitination and attenuates LPS-induced TLR4-TRAF6, MAPK and Akt pathways as part of its anti-inflammatory effects (25) . In the present study, TRAF6 expression was significantly upregulated following exposure to IL-1β, while the addition of resveratrol reduced the expression levels of TRAF6, thereby indicating that both TRAF6-sensitive (and potentially MyD88-dependent) and TRAF6-insensitive (and potentially MyD88-independent and TRIF-dependent) mechanisms are involved in the pathogenesis of OA. Thus, resveratrol appears to exert a protective effect against OA by inhibiting both MyD88-dependent and -independent pathways.
In conclusion, the results of the present study demonstrate that resveratrol exerts protective effects against matrix degradation and inflammation in OA-affected chondrocytes by inhibiting both TLR4/MyD88-dependent and -independent signaling pathways. Thus, resveratrol represents a potential treatment strategy for OA. However, there are several questions that remain to be answered. First, it has to be determined whether the major TLR4 signaling pathway is MyD88-dependent or -independent in resveratrol-treated OA. A genome-wide approach will be critical for defining the individual contributions, and possible redundancies, of these different pathways (39) . Second, it also has to be determined whether crosstalk between TLR4 and other signaling pathways, such as the ERK/MAPK pathway and the PI3K/Akt pathway occurs. The results of the present study demonstrated that different concentrations of resveratrol led to the inhibition of TLR4 and its downstream signaling targets to varying degrees, thereby implying that other signaling pathways may also contribute to the effects of resveratrol. Finally, in vivo studies are required in ordre to determine whether the present results are relevant to animal models of OA and have the potential to be translated to patients clinically.
